A microstructured polymer optical fiber (mPOF) Bragg grating sensor system for the simultaneous measurement of temperature and relative humidity (RH) has been developed and characterized. The sensing head is based on two in-line fiber Bragg gratings recorded in a mPOF. The sensor system has a root mean square deviation of 1.04 % RH and 0.8 °C in the range 10 to 90% RH and 20 to 80 ºC. The proposed sensor system is easy to fabricate, cheap and compact.
INTRODUCTION
The interest in polymer optical fiber (POF) sensors is steadily increasing because of their low processing temperature, high flexibility in bending, high fracture toughness, ease of handling and non-brittle nature, which are properties that glass fibers do not have 1, 2 . In addition, POFs have a high elastic strain limit with low Young's modulus and are biocompatible, which makes them advantageous for fiber Bragg grating (FBG) based strain and bio-sensing applications [3] [4] [5] [6] [7] [8] . Some polymers, such as PMMA, are humidity sensitive and strongly absorb water 9 , while other polymers, for instance TOPAS and Zeonex, are insensitive to humidity [10] [11] [12] . Exploiting such unique and intrinsic properties of POFs, researchers in this area have developed different single parameter POFBG sensors such as strain, temperature, humidity, pressure and soon [13] [14] [15] [16] [17] . Only little work has been done in the development of multi-parameter POFBG sensors. For instance, Zhang,C. et al developed simultaneous measurement of temperature and humidity using cascaded silica and PMMA FBGs 18 . Despite this sensor system provided a well-conditioned response, there was a potential problem of limited mechanical stability due to the fact that the silica and PMMA fibers were glued together. In addition, the glue could not withstand relatively high temperature and humidity which limited the range of operation of the sensor. Bhowmik,K. et al demonstrated a sensing configuration for simultaneous measurement of strain and temperature with enhanced intrinsic sensitivity based on a fiber Bragg grating (FBG) pair with one grating being inscribed in the etched and the other in unetched polymer fiber region 19 . Here we demonstrate the first simultaneous measurement of temperature and humidity using microstructured polymer optical fiber Bragg gratings. The sensing device is purely made of polymer materials.
FIBER FABRICATION
The mPOF was fabricated in-house at DTU Fotonik. The polymeric materials used for fiber fabrication are ZEONEX 480R produced by ZEON CORPORATION 20 and commercial PMMA from NORDISK PLAST A/S 21 . First a ZEONEX 480R cane was fabricated as described in reference 12. The Zeonex cane was sleeved with a Zeonex tube which was then sleeved with a PMMA tube, forming an over cladding, and finally drawn to a fiber of an average diameter 150 µm. The diameter of the Zeonex portion is 100µm, whereas the over cladding PMMA thickness is 25 μm. The core diameter of the fiber is 8μm and the hole to pitch ratio is 0.42 ensuring that the fiber is endlessly single mode 22, 23 . A microscope image of the Zeonex-PMMA mPOF end facet is shown in Fig. 1 Temperature ( °C) Figure 1 . Optical microscope image of the fabricated Zeonex-PMMA mPOF
SENSOR FABRICATION
First, one end of a 50 cm long piece of the fabricated fiber was connectrorized 24 . From the other end, in the first five centimeters of the fiber the PMMA over cladding was etched out by using acetone, so that only Zeonex was left in this section. In the section composed only of Zeonex, four centimeters far from the end of the fiber an FBG (FBG1) was inscribed and the Bragg wavelength was at 865.62 nm. The FBG was then annealed at 90 ºC in a conventional oven for three hours and blue shifted to 847.79 nm. After annealing two centimeters far from FBG1 a second FBG (FBG2) was inscribed in the section where PMMA was not etched out and the Bragg wavelength of this grating was at 866.11 nm. The grating inscription technique and the configuration setup used in this work were described in reference 25. The two FBGs then annealed together in an environmental climate chamber (CLIMACELL, MMM group) for 24 hours at 85 ºC and 90 % RH for a stable operation of the sensor 15 . The new Bragg wavelengths for FBG1 and FBG2 after annealing were found to be 841.21 nm and 855.32 nm, respectively.
SENSOR CALIBRATION
The calibration of the sensor was made in a climate chamber. A supercontinuum source (SuperK Compact, NKT Photonics) was used as the broadband light source and spectrometer (CCS175-Compact Spectrometer, Thorlabs) was used to continuously track and record the grating during the experiment in the climate chamber. First, relative humidity measurement was made in the range 10-90 % RH at 50 ºC. Figure 2(a) shows that the humidity responses of both FBG1 and FBG2 at 50 ºC. Temperature measurement was done following the RH measurement in the range 20-80 ºC at 50 % RH. Figure 2(b) shows that the temperature responses of both FBG1 and FBG2 at 50 % RH. 
ERROR ANALYSIS
A suitable model for the responses of the two FBGs, including the nonlinear RH-response of FBG2, is where Δλ 1 and Δλ 2 are the net wavelength changes of FBG1 and FBG2, respectively. By combining (1) and (2) we arrive at the following expression for the change in relative humidity (3) where,
Thus, once the coefficients and were determined by fitting polynomials to the calibration data, we were able to determine the relative humidity using (3) and subsequently the temperature from (1) by simultaneously measuring the Bragg wavelength shifts of the two FBGs. By fitting the data in Fig. 2 we found the following parameters, where ΔT = 0 at T = 50 °C and ΔH = 0 at H = 50% RH and the stated uncertainties are the standard errors of the fitting parameters. 
CONCLUSION
In this work, we have demonstrated a sensing system for simultaneous measurement of temperature and humidity using microstructured polymer optical fiber Bragg gratings. The fiber was fabricated from two types of polymers: Zeonex, which is humidity insensitive and PMMA, which is highly humidity sensitive. An rms deviation of 1.04 % RH and 0.8 °C were observed in our experimental results. The developed sensor system offers a number of advantages such as ease of fabrication, compactness and low cost and it can be used in many applications where simultaneous measurements temperature and humidity are required.
